Reactive oxygen species and reactive nitrogen species produced by epithelial and inflammatory cells are key mediators of the chronic airway inflammation of asthma. Detection of 3-nitrotyrosine in the asthmatic lung confirms the presence of increased reactive oxygen and nitrogen species, but the lack of identification of modified proteins has hindered an understanding of the potential mechanistic contributions of nitration/oxidation to airway inflammation. In this study, we applied a proteomic approach, using nitrotyrosine as a marker, to evaluate the oxidation of proteins in the allergen-induced murine model of asthma. Over 30 different proteins were targets of nitration following allergen challenge, including the antioxidant enzyme catalase. Oxidative modification and loss of catalase enzyme function were seen in this model. Subsequent investigation of human bronchoalveolar lavage fluid revealed that catalase activity was reduced in asthma by up to 50% relative to healthy controls. Analysis of catalase isolated from asthmatic airway epithelial cells revealed increased amounts of several protein oxidation markers, including chloroand nitrotyrosine, linking oxidative modification to the reduced activity in vivo. Parallel in vitro studies using reactive chlorinating species revealed that catalase inactivation is accompanied by the oxidation of a specific cysteine (Cys 377 ). Taken together, these studies provide evidence of multiple ongoing and profound oxidative reactions in asthmatic airways, with one early downstream consequence being catalase inactivation. Loss of catalase activity likely amplifies oxidative stress, contributing to the chronic inflammatory state of the asthmatic airway.
A sthma is a chronic disease of airway inflammation, characterized by reversible airflow obstruction and bronchial hyperresponsiveness (1) . Reactive oxygen species (ROS) 3 and reactive nitrogen species (RNS) produced by inflammatory and epithelial cells are believed to be key mediators of asthmatic airway inflammation (2) (3) (4) . High levels of RNS are well documented in asthma (5, 6 ), e.g., NO is higher in exhaled breath of asthmatics than healthy controls (7) (8) (9) (10) . NO synthases (NOS; neuronal, inducible, and endothelial) produce NO, and all isoforms are present in the lung (7, 8, 11, 12) , but high levels of NO in asthma are linked to increased inducible NOS (iNOS) expression and activity in airway epithelial cells (8) . Previous studies also confirm increased ROS production in the airways and circulation of asthmatic subjects (5, 13, 14) . In particular, eosinophils and monocytes from asthmatic patients produce more ROS than cells from healthy controls (14) .
During asthma exacerbation, infiltration of the lung with eosinophils and neutrophils results in elevated levels of various peroxidases, such as eosinophil peroxidase and myeloperoxidase (MPO) (17) . These peroxidases use chlorine and bromine, present in tissues, to form the hypohalous acids HOCl and HOBr (16, 18, 19) . These hypohalous acids are potent oxidants and contribute to the cidal activities of phagocytic cells (14, 15) , in the process chlorinating and brominating protein tyrosines to form 3-chlorotyrosine (Cl-Y) and 3-bromotyrosine (16) , specific markers of MPO and eosinophil peroxidase activity, respectively. MPO also uses the oxidation of nitrite (an oxidation product of NO) to generate nitrogen dioxide radical (5, 17, 18) to nitrate protein tyrosine and form 3-nitrotyrosine (5, 19 -21) . Thus, enhanced formation of NO-derived oxidants occurs within the airway through several mechanisms. The detection of 3-nitrotyrosine and 3-Cl-Y in the lung during asthma attacks provides definitive evidence for the presence of high levels of RNS and ROS in the asthmatic airway (5, 17, 22, 23) .
We hypothesized that identification of specific oxidized proteins would provide mechanistic information regarding oxidative stress and insight into downstream functional consequences. For example, the identification of nitrated proteins, and consequences of ROS and RNS on protein function, has provided a greater depth of knowledge into the molecular pathophysiologic mechanisms in neurodegenerative and cardiovascular diseases (24 -29) . In this study, nitrotyrosine was used as a general marker for protein exposure to oxidant stress. Specific proteins were identified as preferential targets of modification in the asthmatic condition, including the antioxidant proteins catalase and manganese superoxide dismutase (MnSOD). Parallel functional studies in a murine model of asthma revealed a significant loss of lung catalase activity, and the loss of catalase activity was verified in the airway of human asthmatic subjects. Finally, liquid chromatography (LC)-tandem mass spectrometry (MS) and MALDI-TOF analysis of an in vitro reaction of catalase with reactive chlorinating species revealed a unique modification, the oxidation of Cys 377 , which correlated with the loss of enzyme activity. Taken together, these studies provide evidence of ongoing profound oxidative processes in asthmatic airways, with the downstream consequence of catalase inactivation, which likely amplifies inflammation in the asthmatic airway.
Materials and Methods

Allergen sensitization, methacholine challenge, and lung analyses
Induction of murine asthma and bronchoalveolar lavage analysis was performed as described previously (30) . BALB/c mice (6-to 8-wk-old) from The Jackson Laboratory were immunized (i.p.) with OVA (Sigma-Aldrich) in aluminum hydroxide (10 g of OVA/20 g of aluminum hydroxide). Two weeks later, mice were challenged with OVA aerosol for 40 min each day. Samples were collected 24 h following the final aerosol inhalation at day 0, 2, 4, 6, and 8. To measure lung resistance in response to methacholine challenge, mice were anesthetized and placed on a rodent ventilator inside a body plethysmography chamber. After a stable baseline pressure was established, mice were given three serially increasing doses of methacholine (45-411 g/kg in a volume of 40 -55 l/dose). Methacholine doses were i.v. administered by intrajugular catheter 5 min apart and only after transpulmonary pressure and volume returned to baseline. Resistance and compliance were determined using Buxco electronics and Biosystems XA software. Methacholine dose-response curves were obtained by calculating the mean Ϯ SE for individual animals at each methacholine dose (data not shown). The mice were sacrificed, lungs were lavaged with normal saline, and cytological examination was performed. Differential counts were based on counts of 100 cells using standard morphologic criteria to classify the cells. A single observer who was blinded to the study group performed counts. Tissues were collected and frozen rapidly in liquid nitrogen until needed.
Human bronchial epithelial cells and bronchoalveolar lavage fluid (BALF)
Healthy controls (n ϭ 19) and asthmatic individuals (n ϭ 11) underwent bronchoscopy to obtain BALF and bronchial epithelial cells as described previously (31, 32) . Clinical characteristics of asthmatics were similar to controls (age (years), asthmatic 36 Ϯ 2, control 37 Ϯ 2; p Ͼ 0.05; percentage of predicted forced expiratory volume in 1 s, asthmatic 87 Ϯ 4, control 98 Ϯ 5; p Ͼ 0.05). None of the participants in the study were current users of tobacco products. All controls were nonsmokers and were recruited such that they had never smoked, or had less than a total 5-pack year history of smoking with no smoke exposure in over 10 years. Urea was determined in BALF and serum using the Blood Urea Nitrogen (BUN ENDPOINT; Sigma-Aldrich) reaction (32) and relative level of epithelial lining fluid (ELF) estimated by simple dilution principles relating to the urea concentration in serum and BALF (33) . The study was approved by the institutional review board, and written informed consent was obtained from all individuals enrolled in the study.
Measurement of total NO reaction products
Nitrite and nitrate (NO X ) concentrations were determined in replicate samples using the ISO-NOP Nitric Oxide Sensor (World Precision Instruments) as described previously (34) .
Cell culture RAW 264.7 cells were grown to 70% confluency in RPMI1640 medium with 5% FCS (35) . After 18-h treatment with LPS (1 g/ml), the cells were washed in PBS and harvested in SDS-PAGE lysis buffer.
Enzyme activity
Quantitation of catalase activity was based on reaction with H 2 O 2 (36) . The activity was expressed as U/mg total protein in murine lung tissues or as mU/ml ELF in human BALF.
Immunohistochemistry
Formalin-fixed, paraffin-embedded (5 m) sections were treated with polyclonal anti-nitrotyrosine Ab (Upstate Biotechnology; 1/400 dilution). Immunohistochemical staining was performed by an avidin-biotin alkaline phosphatase system (Vector Laboratories) (37) . For negative control, the sections were incubated with secondary Ab alone.
In vitro modification of catalase
Isolated human erythrocyte catalase (Oxis Research) was exposed to reactive chlorinating species in vitro by treatment with HOCl (0 -100 M) at 37°C (29) and nitrating species by 12 mM tetranitromethane (Sigma-Aldrich) at room temperature for 30 min. Catalase, modified by nitration, was used as a positive control in immunoprecipitation studies. Unmodified catalase served as negative control.
Aminotriazole treatment and MPO modification of catalase
Isolated human erythrocyte catalase was inactivated by aminotriazole (Sigma-Aldrich) (38) , and excess aminotriazole was removed by dialysis before MPO-mediated reaction. MPO-mediated modification reactions were conducted with 500 g/ml aminotriazole-inactivated catalase in 60 mM phosphate buffer (pH 7.0), containing 100 M diethylenetriamine pentaacetic acid, 57 nM purified MPO, prepared as described previously (28) . The reactions were initiated by adding H 2 O 2 at varying concentrations (0 -150 M). These reaction conditions include concentrations of MPO, chloride, and H 2 O 2 at ranges from physiologic to pathologic (29) .
Immunoprecipitation
Ig was first removed from human airway epithelial cell lysate with protein G-Sepharose (Amersham Pharmacia). Supernatants were incubated with polyclonal anti-catalase Ab (Oxisresearch), then protein G-Sepharose was added and incubated at 4°C for 2 h. The proteins captured by the beads were extracted in denaturing-nonreducing buffer, analyzed for antinitrotyrosine immunoreactivity, and reblotted with anti-catalase after stripping.
Similarly, mouse lung lysates were immunoprecipitated with anti-iNOS Ab. The captured proteins were extracted in denaturing-reducing buffer and analyzed for anti-iNOS immunoreactivity.
Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis was performed with the isoelectricfocusing system (Bio-Rad), using 11-cm linear (pH 3-10) immobilized pH gradient strips. Strips were rehydrated with sample (500 g) at 50 V for 14 h, and then isoelectric-focusing system was performed according to manufacturer's instruction. The second dimension was performed according to Laemmli (39) . Finally, gels were partially transferred to the polyvinylidene difluoride membrane (40) to detect anti-nitrotyrosine immunoreactivity. Gels were stained with colloidal Coomassie blue (Gel Code Blue Stain; Pierce).
Western blot analysis
Tissues were homogenized in lysis buffer, separated on 10% SDS-polyacrylamide gels, and transferred to polyvinylidene difluoride membrane. After blocking in 5% milk at room temperature, membranes were incubated overnight with primary Ab at 4°C. Then blots were probed with a peroxidase-conjugated secondary Ab, and signal was detected by enhanced chemiluminescent system (ECL; Amersham Bioscience). The primary Abs were polyclonal anti-catalase (Oxisresearch), polyclonal anti-iNOS Ab (Upstate Biotechnology), polyclonal anti-endothelial NOS (eNOS) Ab (Affinity Bioreagents), polyclonal anti-Cu-ZnSOD (copper-zinc superoxide dismutase), polyclonal anti-MnSOD, polyclonal anti-arginase I, and polyclonal anti-␤-actin Ab (Santa Cruz Biotechnology). For anti-nitrotyrosine detection, the blots were blocked in 2% BSA, followed by overnight incubation with anti-nitrotyrosine mAb (Upstate Biotechnology) at 4°C, and then with peroxidase-linked anti-mouse secondary Ab.
Protein identification
Anti-nitrotyrosine-positive spots were matched with the Coomassie-stained two-dimensional gel and identified according to our standard MS procedures (41) . Briefly, the selected protein spots were processed and rehydrated in ice-cold sequencing-grade trypsin (Promega). The peptides produced were extracted and analyzed using a full data-dependent acquisition routine in which a full-scan MS to determine peptide molecular masses was acquired in one scan, and product-ion (tandem mass) spectra to determine amino acid sequence were acquired in the four subsequent scans before repeating the cycle. The resulting MS/MS spectra were automatically batchanalyzed using the search program Mascot (͗http://www.matrixscience.com͘). To identify sites of modifications, the Sequest program was used to compare CID spectra of catalase to the database (National Center for Biotechnology Information, accession no. AAA66054) using the appropriate mass change for the different amino acid oxidation products (42) .
Quantitation of purified catalase for protein-bound oxidation and nitration
Catalase was immunoprecipitated, and protein L gel slurry (Pierce) was added to deplete Ig. Purified catalase was precipitated by acetone and dried in nitrogen. Protein-bound nitrotyrosine, Cl-Y, bromotyrosine, dityrosine, orthotyrosine, and metatyrosine were quantified by stable isotope dilution LC-tandem MS using methods as described previously (28) . Isolated catalase, modified in vitro (by HOCl or MPO-mediated system), was also quantitatively analyzed for total and specific modifications.
Statistical analysis
All data are expressed as the mean Ϯ SEM. The comparisons between the groups were performed using ANOVA or Student's t test.
Results
Differential cell count in the BALF of OVA-sensitized and challenged mice
BALB/c mice were sensitized using OVA in aluminum hydroxide, then rechallenged by repeated inhalation of OVA. Measurement of lung airway resistance at different doses of methacholine challenge showed that airway resistance increased starting at day 4 of allergen challenge (lung resistance in cm/H 2 O/ml/s: baseline, 1.51 Ϯ 0.05; 411 g methacholine/kg body weight of mice, 5.58 Ϯ 0.23; p Ͻ 0.05) (43) . Mice were sacrificed 24 h following the final aerosol inhalation at each of days 0, 2, 4, 6, or 8. Consistent with previous studies of this model (44 -46) , OVA-sensitized and challenged mice developed a marked inflammatory response to OVA, with evidence of infiltrates composed predominantly of eosinophils and a lesser component of mononuclear cells (total number of cells and eosinophils at day 0: total 12 Ϯ 1, eosinophils 0; day 2: total 25 Ϯ 5, eosinophils 11 Ϯ 2; day 4: total 101 Ϯ 35, eosinophils 68 Ϯ 28; day 6: total 155 Ϯ 40, eosinophils 124 Ϯ 31). Control mice did not show a significant amount of cell infiltration at any day studied. Mice sacrificed at day 6 showed maximum eosinophil infiltration (124 Ϯ 31; ANOVA, p Ͻ 0.01) with a sparse admixture of neutrophils and lymphocytes.
Increased reactive nitrogen species in OVA-sensitized and challenged mice compared with control
We examined the extent and range of protein nitration by Western blot analysis using specific monoclonal anti-nitrotyrosine Ab at day 0, 2, 4, and 6 of allergen challenge (n ϭ 3 mice at each time). Multiple bands representing nitrated protein were detected at day 4 and increased at day 6 following OVA challenge in sensitized mice compared with control (Fig. 1A) . However, nitrotyrosinepositive bands were not detected at day 0 and 2 of allergen challenge. The increase in nitrotyrosine-positive bands was apparent in the molecular mass range of 21-96 kDa. In contrast to nitrotyrosine, total NO X in OVA-sensitized and challenged mice lung lavage at days 4 and 6 were similar to control mice lung lavage (NO X M at day 4: OVA/OVA 2.0 Ϯ 0.2, sham/OVA 2.5 Ϯ 0.2; p ϭ 0.7; NO X at day 6: OVA/OVA 2.5 Ϯ 0.4, sham/OVA 2.7 Ϯ 0.3; p ϭ 0.16). The lack of increase of NO X suggested that NO synthesis might not increase over time of allergen-induced airway inflammation. Alternatively, NO synthesis may have increased, but consumption of NO by oxidants/peroxidases and incorporation into 3-nitrotyrosine may have been greater than NO synthetic rate. 
iNOS and eNOS expression in OVA-sensitized and challenged mice compared with control
To investigate ⅐NO synthesis, iNOS protein expression was evaluated. Whole lung lysate (400 -600 g of total protein) of control and OVA-sensitized and challenged mice (n ϭ 3 at each time point) were immunoprecipitated with anti-iNOS Ab. The immunocomplex was resolved in 10% gel, and the immunoblot was probed with anti-iNOS Ab. A protein (130 kDa) in OVA-sensitized and challenged mice lung lysate was detected at days 4 and 6, which was similar in size to iNOS in positive control lysate from RAW 264.7 cells stimulated with LPS ( Fig. 2A) . Western analysis with anti-eNOS Ab revealed that the expression of this protein was similar throughout all days studied. Arginase expression was previously identified in lung lysate of OVA-sensitized and challenged mice (47) . Arginase can compete with NOS for substrate arginine use, and hence affect NO and RNS synthesis (48, 49) . In this study, Western analysis with anti-arginase I Ab revealed that there was significant increase of arginase I in OVA-sensitized and challenged mice at days 4 and 6 of allergen challenge compared with the control (Fig. 2A) .
Immunohistochemistry for anti-nitrotyrosine
Because there was maximum eosinophil infiltration and significant protein nitration at day 6 of allergen challenge, this time point was chosen for further studies. Because of the heterogeneous nature of lung tissue and inflammatory changes occurring during sensitization and challenge, immunohistochemical staining was performed to localize nitrotyrosine immunoreactivity. Positive immunoreactivity for nitrotyrosine, a collective marker for ROS and RNS, was observed in the airway epithelial cells of OVA-sensitized and challenged mice at day 6 of allergen challenge (n ϭ 3) (Fig. 3) . As previously shown (50, 51) , these results support the presence of ROS and RNS generation mainly within the airway epithelium and inflammatory cells of the sensitized and challenged lung.
Proteomic analysis of anti-nitrotyrosine immunopositive proteins in OVA-sensitized and challenged mouse lung
Protein from control and asthmatic murine lung homogenate was separated by two-dimensional gel electrophoresis. Comparison of Coomassie-stained two-dimensional gel of control and OVA-sensitized and challenged lung did not show any significant changes in the protein profile; however, Western blot with anti-nitrotyrosine Ab revealed that there was intense protein nitration in OVA-sensitized and challenged lung compared with control (Fig. 4) . Control lung had immunopositive spots (19 Ϯ 5) , but the number of spots (49 Ϯ 9) and the intensity of specific spots was higher in the OVA-sensitized and challenged lung. For OVA-sensitized and challenged lungs, corresponding immunopositive proteins were excised from the parent acrylamide gel, digested in-gel with trypsin, and tryptic peptides were analyzed with mass spectroscopy. Database searching with the peptide masses identified the majority of immunopositive spots (Table I) .
Expression and activity of antioxidant proteins in OVAsensitized and challenged mouse lung
Many of the nitrated proteins identified were related to antioxidant defense. To determine whether the levels of antioxidant proteins were increased in OVA-sensitized and challenged mice compared with control, catalase, Cu-ZnSOD, and MnSOD protein expression were evaluated by Western analysis at day 0, 2, 4, and 6 of allergen challenge (n ϭ 3 at each time). There was no significant change in expression of any of the proteins at any time (Fig. 5A) . Despite comparable levels of catalase mass, activity of catalase in tissue homogenate was decreased significantly in OVA-sensitized and challenged mice compared with control at days 4 and 6 of allergen challenge (Fig. 5B) .
Catalase in human asthma
Catalase activity was decreased on average by 50% in human asthmatic BALF as compared with controls (catalase mU/ml ELF: control, 149 Ϯ 27 (n ϭ 6); asthma, 70 Ϯ 20 (n ϭ 7); p Ͻ 0.05) (Fig. 6A) . However, catalase expression in cell lysates of airway Fig 4) were identified by peptide mass mapping using product-ion (tandem mass) spectra. These proteins are shown with pI, molecular mass, accession no., percentage coverage, number of peptides matched, and a brief description of the function of the protein.
b Corresponds to numbered spots in Fig. 4 , B and D.
epithelial cells freshly obtained by bronchial brushings of control and asthmatic individuals did not show any significant change in protein levels (Fig. 6B) . To investigate the nitration of catalase in human asthma, protein was immunoprecipitated with anti-catalase Ab from lysates of bronchial epithelial cells freshly obtained from asthmatic and healthy airways. The immunocomplex was resolved on a 10% gel, and the immunoblot was probed with an antinitrotyrosine Ab. Immunoprecipitated catalase from asthmatic airway epithelium was detected by anti-nitrotyrosine Ab, but not in healthy control. The integrity of the protein was confirmed by Western blot analysis with anti-catalase Ab (Fig. 6, C and D) . Isolated catalase, either untreated or nitrated with tetranitromethane, were used as negative and positive controls, respectively.
Oxidation of catalase in human asthmatic airway epithelial cells
To quantitate oxidative modifications of catalase in asthmatic airway epithelial cells, cells were recovered during bronchoscopy, lysed, and catalase purified by immunoprecipitation. Molecular markers of multiple distinct oxidative pathways, including nitrotyrosine and Cl-Y, were quantified by stable isotope dilution tandem MS (Table II) . Two oxidant modifications were dominant: 1) chlorination of tyrosine, a specific molecular marker for peroxidase-catalyzed halogenation; and 2) oxidative cross-linking of tyrosine as monitored by dityrosine, a product of tyrosyl radical. In contrast, oxidation of phenylalanine to the nonphysiologic tyrosine isomers, metatyrosine, and orthotyrosine, was scant, suggesting that exposure to hydroxyl radical-like oxidants through Fenton/ Haber-Weiss reaction mechanisms (i.e., redox-active transition metal ion-catalyzed oxidation) was not significant. Consistent with our immunodetection studies, nitration of tyrosine was present in catalase recovered from asthmatic airway epithelial cells, indicating exposure to nitrating oxidants such as peroxynitrite/peroxycarboxynitrite or peroxidase-mediated reactive nitrogen species. It is important to note that asthmatics in this study were clinically mild. In this context, loss of catalase activity may be greater in asthma exacerbation and in severe asthma conditions in which generation of ROS and RNS is greatly increased.
In vitro modification of catalase and loss of activity
To gain insight into the potential mechanism of the loss of catalase activity in asthma, catalase was treated with HOCl (0 -100 M) in vitro, a range that represents physiologic levels to pathologic levels, as seen in inflammation (29) . Activity assay of the catalase following exposure to HOCl was performed, as well as Cl-Y quantitation. Catalase activity was decreased in a dose-dependent manner with HOCl treatment, concomitant with a dose-dependent increase of Cl-Y formation ( (Table II) . This finding suggests that the level of reactive chlorinating species present in human asthmatic airways is within the range used in this in vitro study, i.e., 3-100 mM.
To determine whether catalase is a target of peroxidase-mediated modification, catalase was exposed to reactive chlorinating (or nitrating) species by MPO-H 2 O 2 -Cl Ϫ (or nitrogen dioxide radical Ϫ ) system. Because catalase and MPO compete for the same substrate (H 2 O 2 ) and the former has a higher affinity for substrate, catalase was first inactivated by aminotriazole. Subsequent to inactivation and exposure to the MPO system, catalase was evaluated for total Cl-Y and nitrotyrosine. Both chlorination (0.051 Ϯ 0.001 mmol/mol; p Ͻ 0.001) and nitration (0.77 Ϯ 0.02 mmol/ mol; p Ͻ 0.00) were observed with the MPO-mediated oxidation system. Although activity analysis could not be performed in this experiment because the catalase was inactivated before oxidation, these results show that catalase is a target for peroxidase-mediated modification. Overall, the levels of chlorination found in catalase of human airway epithelial cells in vivo (Table II) , together with our in vitro studies indicate that high levels (micromolar range) of reactive chlorinating species are present in the asthmatic airway epithelial cells.
Finally, a series of MS experiments were conducted to identify the site(s) of oxidative modification in catalase using in vitro reactions. HOCl-inactivated catalase and native catalase from the dose-dependent experiments were separated on SDS-PAGE and sequenced by both LC-tandem MS and MALDI-TOF. These sequencing experiments covered ϳ70% of the protein sequence, including 12 of the 20 tyrosine residues and three of the four cysteine residues. Tyrosine modifications were not detected. The modification of C377, however, was discovered and characterized as shown in Fig. 7, C and D . This modification produces a cysteic acid with a corresponding increase of 48 kDa in the tryptic peptide Leu 366 to Arg 380 . The CID spectra (Fig. 7C) clearly place the site of modification. No other modified cysteine residues were observed. In fact, it was striking to note that the MALDI-TOF spectra of all four catalase digests, ranging from untreated-full active to the highly oxidized-completely inactive were nearly superimposable except for the changes in this peptide (data not shown). Importantly, the C377 oxidation product was seen in high abundance, and the relative amounts of the oxidized vs unoxidized peptides showed a dose-dependent increase in the oxidized form with a corresponding decrease in the unoxidized form that correlated with the loss of activity seen in Fig. 7A .
Discussion
This study identifies the nitrotyrosine proteome in the experimental allergen-induced murine model of asthma, and the specific proteins that are susceptible to oxidative modifications in vivo. As previously shown in murine and human allergen challenge studies, tyrosine nitration increases following allergen exposure of sensitized mice or atopic asthmatic humans (1, 17, 22, 52) . The temporal sequence of events and airway localization of nitrotyrosine, in this and previous studies (17) , clearly support a link between eosinophilic infiltration and oxidation events and suggest that eosinophils may contribute to the NO-derived oxidants in asthma (18) .
Tyrosine nitration is a well-established protein modification that occurs in diseases associated with oxidative and nitrative stress, including asthma (5, 25, 26, 53, 54) . Although levels of nitrotyrosine increase over time of an asthmatic response to allergen, the total NO X levels, which are considered measures of NO formation, were not greater than in control mouse lungs. Previous evaluation of human asthma over the time of allergen challenge showed that nitrotyrosine, exhaled NO, and nitrate in lung lavage fluid, but not nitrite, increased 48 h after a localized allergen challenge in the asthmatic airway. Thus, NO synthesis by iNOS and consumption by oxidant reactions/peroxidases appear to increase concomitantly over the time of an allergen-induced asthmatic response in humans (17) . In this study, although iNOS was induced at days 4 and 6 following allergen challenge, arginase I expression was also induced, consistent with a previous study (47) . Arginase and NOS proteins share the common substrate arginine. Although arginase has a lower affinity for substrate compared with NOS proteins, it has a higher catabolic reaction rate constant. Taking into account catalytic reaction rate and substrate affinity, arginase likely plays a regulatory role in NO synthesis by modulating the availability of arginine for the NOS proteins (48, (55) (56) (57) (58) (59) (60) . Thus, lack of increase of NO X in this experimental model of asthma may be related in part to decreased enzymatic NO synthesis mediated by the concomitant induction of arginase I and iNOS. Alternatively, the greater consumption of nitrite for tyrosine nitration may also account for the lack of increase of other NO-reaction products.
The proteomic approach to identify proteins modified by exposure to RNS in the murine model of experimental asthma permits Table II 
FIGURE 7.
A, Loss of catalase activity and increase in Cl-Y formation with increasing dose of HOCl. Catalase (100 g for each reaction) was exposed to reactive chlorinating species with increasing amounts of HOCl (0 -100 M). The modified catalase from each reaction was subjected to activity analysis and quantitation for Cl-Y formation. Catalase activity (F) was significantly decreased (linear scale) with increasing concentration of HOCl (linear scale), showing sharp decrease between 10 and 30 M HOCl concentration. Cl-Y formation (f) increased (plotted in logarithmic scale) with increasing concentration of HOCl, reaching peak at 100 M HOCl. Secondary x-axis represents molar ratio of HOCl:Catalase (linear scale). ‫,ء‬ Indicates p Ͻ 0.05 and ‫,ءء‬ indicates p Ͻ 0.01. B and C, CID spectra of peptides from unoxidized and oxidized catalase. The CID spectra were acquired in the LC-tandem MS analysis of in-gel tryptic digests of catalase bands for control and HOCl-oxidized samples. The spectra correspond to the doubly charged ion of the peptide Leu 366 to Arg 380 (L 366 -R 380 ). Spectrum B is for the unoxidized peptide in which the cysteine residue is alkylated with iodoacetamide to add 57 kDa to give a peptide with a molecular mass of 1812.9 (MϩH ϩ ). Spectrum B is for the oxidized peptide in which the cysteine residue is converted to a cysteic acid. This modification adds 48 kDa to give a peptide with a molecular mass of 1803.9 (MϩH ϩ ). The CID spectrum is very informative and clearly places the mass difference at the C377 position through the y3 and y4 ions that are seen and the corresponding residue mass of 151 kDa for the cysteic acid. D, MALDI-TOF spectra show the dose-dependent increase in the abundance of the oxidized C377 peptide relative to the unoxidized peptide. The C377-containing peptide was clearly seen in the MALDI-TOF analysis of the in-gel tryptic digests. The oxidized form (ii, m/z 1803.9) is readily detected in the 3-M treatment and increases significantly in the 10-and 30-M treatment. A corresponding decrease in the unoxidized form (ii, m/z 1812.9) is also seen. Based on these relative abundances, the relative amounts of the oxidized form progresses from 6% at 3-M treatment, to 24% at-10 M treatment, to 33% at 30-M HOCl treatment. As noted above, the carbamidomethylation of the unoxidized cysteine in the sample processing means that the unoxidized form of the peptide is seen at a higher m/z than the oxidized form.
a sensitive means to study the potential involvement of RNS and ROS in vivo. On average, proteins are composed of 4% tyrosine residues, but evidence suggests that only a subset of the proteins are recognized by nitrotyrosine mAb in these biological systems. Interestingly, many of the proteins identified in this study were similar to those identified during the murine inflammatory response to LPS in vivo (40) . This overlap is consistent with the concept that an innate property of the target protein or its location in the cell predisposes it toward nitration (61) , and with recent studies by Suri et al. (62) that the sequence context in which nitrotyrosines exist participate in the presentation of the modified amino acid by the MHC class II-presenting cells. Similar to previous reports, many of the modified proteins are key enzymes for energy production, like pyruvate kinase, lactate dehydrogenase, malate dehydrogenase, aldolase A, and glyceraldehyde phosphate dehydrogenase, suggesting reduction of glycolysis and/or conversion to other metabolic pathways for energy within cells during the inflammatory response. Dihydropyrimidinase-related protein, which is involved in axonal growth and a target of protein nitration in Alzheimer's disease (63) , is also identified as a target for nitration during asthma. Annexin II and III belong to the annexin superfamily of calcium and phospholipid-binding proteins (64) , and annexin I is an important mediator of glucocorticoid action (65) ; all are found to be nitrated in the experimental model of asthma. Although the effect of nitration on annexin I is not known, further studies are warranted to determine whether glucocorticoid response during inflammation may be altered.
Notably, catalase, MnSOD, GST, antioxidant protein 2, and carbonic anhydrase II are nitrated in the murine model of asthma, although these enzymes are present in different compartments of the cell. Although a previous study showed that RBC of asthmatic children have lower catalase activity (66) , the mechanism of the reduced activity was unknown. Nitration of MnSOD, which causes its inactivation in vitro (67) , occurs in diseases like chronic rejection of the human renal allograft (68) . MnSOD is nitrated in the asthmatic airway epithelial cells, but the dominant oxidant modifications are related to hydroxyl radical like oxidants presumably via Fenton or Haber-Weiss chemical events (37) . Other studies have shown that catalase and GST activity are reduced by exposure to reactive nitrogen species in vitro (69, 70) . Loss of catalase activity in a murine model of autoimmune disease that includes arthritis and vasculitis has also been linked to increased nitration, although the modification was not identified (69) .
The identification of catalase as a selective target in our proteomic experiments led to additional in vivo and in vitro studies. Significant decrease in lung catalase activity was observed in vivo in the experimental murine model of asthma as well as in human asthmatic airway lining fluid. In human and murine lungs, loss of catalase activity was associated with corresponding increases in catalase nitrotyrosine content by immunodetection methods. The quantitation of a series of stable end products of protein oxidation, however, revealed a broader picture of the oxidative modification of catalase in vivo (Table II) . Indeed, the most extensive modification measured was tyrosine chlorination, which was nearly 20-fold more extensive than tyrosine nitration. In vitro exposure of catalase to reactive chlorinating oxidants led to significant Cl-Y formation and a profound dose-dependent inactivation of the enzyme. Importantly, these in vitro studies confirm that inactivation of catalase activity occurs at exposure levels to chlorinating oxidants well within the range that is observed in the human asthmatic airway. Both murine and human catalase contain a putative chlorination site (KXHY) at Tyr 236 (71) (Fig. 8) . This motif would be predicted to be particularly susceptible to HOCl-mediated chlorination based on formation of an N-⑀ chloramine intermediate on the lysine residue (71) . LC-tandem MS and MALDI-TOF mapping experiments, thus far however, have failed to find specific tyrosine chlorination sites. In this context, it is notable that even the highest Cl-Y content of catalase that was measured in the various in vitro and in vivo experiments ranged up to ϳ5 mmol of Cl-Y/mol Y, which represents Ͻ0.5% modification of the total tyrosines within the enzyme. If all modification occurred at a single site, this Cl-Y content would be equivalent to 10% modification of that site, which would be detectable by our methods. We speculate that our inability to detect modified tyrosines in catalase may be due to low levels of Cl-Y and/or the distribution of those modifications among different tyrosine sites (Fig. 8) .
Our MS analyses did find a cysteine residue (C377), oxidized in a specific dose-dependent manner with a corresponding loss of the unoxidized peptide. This cysteine is close to the active site of the enzyme-active site, although no specific link between this cysteine and catalase function has been previously made. In this study, this modification occurred in a dose-dependent fashion and to an extent that parallels the degree of enzyme inactivation. For example, our data show that when treated in vitro with molar ratio of 13-reactive chlorinating species to one catalytically active catalase tetramer, catalase lost ϳ20% of its activity. The Cl-Y content at this treatment was ϳ0.1 mmol of Cl-Y/mol tyrosine (0.01% of total tyrosine), but the ratio of the oxidized C377 peptide to the unoxidized form in the MALDI-TOF analyses is ϳ1:3, or 25%, modified.
Taken together with our and other previous studies (5, 16, 17, 25, 26, 37, 40, 53, 54, 68, 69, 72) , these current findings are consistent with the general utility of Cl-Y and nitrotyrosine measurements in studies of protein oxidation. Specifically, these stable end products of protein oxidation are excellent measures of the degree of oxidation, accurately detect increasing oxidation in disease, and can be measured by isotope dilution LC-tandem MS methods. However, in the case of catalase, tyrosine modification itself is not likely a direct contributor to the loss of catalase activity, but rather is associated with another oxidative modification, i.e., C377 to cysteic acid. Notably, multiple residues are susceptible to oxidative modification by reactive chlorinating species, including thiols (e.g., Cys), amines (e.g., Lys), guanidinium-containing residues (Arg), imidazole (His), indole (Trp), and amides (Gln and Asn) (73) . Thus, although the nitrotyrosine proteome evaluation identifies specific proteins oxidized in human inflammatory disease, identification does not necessarily imply loss of activity related to tyrosine modification. Similarly, given the fact that oxidative and nitrative stress are linked to apoptosis and shedding of the airway epithelium in asthmatic airways (37) , further studies are needed to determine whether oxidative modifications occur before, or consequent to, cell death. In summary, these and previous findings (17, 37, 52, 74) 
